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 ?ŽƌƌĞƐƉŽŶĚĞŶĐĞƐŚŽƵůĚďĞĂĚĚƌĞƐƐĞĚƚŽ ?DĐDŝůůĂŶŵĂŝů P ?' ?' ?DĐDŝůůĂŶ ?ƚƵĚĞůĨƚ ?Ŷů 
 ?ƚŚĞƐĞĂƵƚŚŽƌƐĐŽŶƚƌŝďƵƚĞĚĞƋƵĂůůǇ 
 
Although it is widely recognised that enzymes play a significant role in sculpting complex silica 
skeletons in marine sponges, the potential for exploiting enzymes in materials synthesis has not 
yet been fully harnessed. In this work we show that the digestive enzyme papain can self-
assemble into monolayers on oxide surfaces, where they then drive the formation of crystalline 
titanium dioxide nanoparticles. This dual functionality of thin film formation and mineralization 
promotion has the potential to enable the construction of hierarchical inorganic/organic 
structures in the form of continuous amorphous titania/protein films which can be refined to 93% 
anatase post annealing.  Additional control over the film thickness is afforded by layer-by-layer 
processing using a simple dip-coating approach. PĂƉĂŝŶ ?ƐdŝK2-mineralizing activity displays 
complex kinetics that deviates from the native Michaelis-Menten kinetic activity, yet deactivation 
studies demonstrate that this activity relies upon residues that are essential for catalytic site 
function. These parameters provide unique insight into enzymatic biomineralization, allowing a 
flexible route to achieving bioengineered titania heterostructures, and potentially providing a 
green-chemistry solution to photovoltaic cell development 
Introduction  
/ŶŽƌŐĂŶŝĐĂŶĚŚǇďƌŝĚŽƌŐĂŶŝĐ ?ŝŶŽƌŐĂŶŝĐƚŚŝŶĨŝůŵƐĂƌĞĨƵŶĚĂŵĞŶƚĂůƚŽĂŚƵŐĞƌĂŶŐĞŽĨĂƉƉůŝĐĂƚŝŽŶƐ ?
ŝŶĐůƵĚŝŶŐ ŵŝĐƌŽĞůĞĐƚƌŽŶŝĐƐ ? ? ǁĂƚĞƌ ƚƌĞĂƚŵĞŶƚ ? ? ƉŚŽƚŽǀŽůƚĂŝĐƐ ? ? ƉƌŽƚĞĐƚŝǀĞ ďĂƌƌŝĞƌ ĐŽĂƚŝŶŐƐ ? ? ĂŶĚ
ĐŚĞŵŝĐĂůĂŶĚďŝŽůŽŐŝĐĂůƐĞŶƐŽƌƐ ? ?DĞƚŚŽĚƐŽĨ ƚŚŝŶ ĨŝůŵƐǇŶƚŚĞƐŝƐĂƌĞƐŝŵŝůĂƌůǇĚŝǀĞƌƐĞ ?ƌĂŶŐŝŶŐ ĨƌŽŵ
ůŽǁ ?ƚĞŵƉĞƌĂƚƵƌĞ ƐŽůƵƚŝŽŶ ?ƉƌŽĐĞƐƐŝŶŐ ƚĞĐŚŶŝƋƵĞƐ ƐƵĐŚ ĂƐ ůĂǇĞƌ ?ďǇ ?ůĂǇĞƌ ĚŝƉ ?ĐŽĂƚŝŶŐ ? ? ƚŽ ŚŝŐŚ ?






ǀĂĐƵƵŵŽƌŚŝŐŚƚĞŵƉĞƌĂƚƵƌĞ ?ŽƌƚŚƌŽƵŐŚƚŚĞƵƐĞŽĨƚŽǆŝĐƌĞĂŐĞŶƚƐ ? ? ? ?dŚĞƌĞŝƐƚŚĞƌĞĨŽƌĞƚƌĞŵĞŶĚŽƵƐ
ƉŽƚĞŶƚŝĂů ĨŽƌ ƚŚĞ ĚĞǀĞůŽƉŵĞŶƚ ŽĨ ĂƉƉƌŽĂĐŚĞƐ ƚŚĂƚ ĐĂŶ ŐĞŶĞƌĂƚĞ ĨƵŶĐƚŝŽŶĂů ƚŚŝŶ ĨŝůŵƐ ĨƌŽŵ ŚŝŐŚ
ƉĞƌĨŽƌŵĂŶĐĞŵĂƚĞƌŝĂůƐƵŶĚĞƌĂŵďŝĞŶƚĐŽŶĚŝƚŝŽŶƐ ? 
The observation that natural biomineralization processes operate in aqueous solutions and low 
temperatures to form hierarchically organized inorganic/ organic composites with superior physical 
properties demonstrates the feasibility of this goal.10-12 Indeed, the structural and chemical diversity 
of biominerals indicates that the biogenic control strategies employed can be readily tailored to the 
formation of a wide range of materials.13-15 A range of biomimetic approaches have been explored to 
direct the formation of inorganic crystals and glasses from aqueous solution,16-18 where the use of 
soluble organic additives has received the most attention.  Biomolecules including small 
molecules,19,20, short polypeptides,21 adhesive proteins,22, and carbohydrates23 have all been shown 
to be active in controlling mineralization processes, enabling, for example, synthesis of patterned 
assemblies of inorganic nanoparticles,20 , and mineralization under conditions where it does not 
typically occur.14,19 There are also few examples of the use of enzymes in controlling mineralization 
processes, where the best example is arguably provided by the enzyme silicatein.18,24 In addition to 
being active in vivo in generating the silica elements in marine sponges, this enzyme can also be 
employed in synthetic environments to generate nanoparticles of anatase-TiO225 and quartz-like 




ǁŽƌŬ ǁŝƚŚ ŽƵƚƐŝĚĞ ƚŚĞŝƌ ŶĂƚŝǀĞ ĐĞůůƵůĂƌ ƉŚǇƐŝŽůŽŐǇ ? ? ?  ĂŶĚ ƌĞůĂƚŝǀĞůǇ ĨĞǁ ĂĚĚŝƚŝŽŶĂů ďŝŽŵŝŶĞƌĂůŝǌŝŶŐ
ĞŶǌǇŵĞƐŚĂǀĞďĞĞŶŝĚĞŶƚŝĨŝĞĚŝŶŶĂƚƵƌĂůƐǇƐƚĞŵƐ ? ? ? ? ? ? ? ? ?^ŽŵĞĚŝŐĞƐƚŝǀĞƉƌŽƚĞĂƐĞƐ ?ƐƵĐŚĂƐƉĂƉĂŝŶĂŶĚ
ƚƌǇƉƐŝŶ ?ǁŚŝĐŚĂƌĞƐƚƌĂŝŐŚƚĨŽƌǁĂƌĚƚŽǁŽƌŬǁŝƚŚ ?ĂŶĚĂƌĞƌĞůĂƚĞĚƚŽŶĂƚƵƌĂůďŝŽŵŝŶĞƌĂůŝǌŝŶŐĞŶǌǇŵĞƐ ?
ŚĂǀĞƐŚŽǁŶƉŽƚĞŶƚŝĂůĨŽƌŵŝŶĞƌĂůŝǌŝŶŐŽǆŝĚĞŶĂŶŽƉĂƌƚŝĐůĞƐŝŶǀŝƚƌŽ ? ? ?,ŽǁĞǀĞƌ ?ƚŚĞƉŽƐƐŝďŝůŝƚǇŽĨƵƐŝŶŐ
ŵŝŶĞƌĂůŝǌŝŶŐĞŶǌǇŵĞƐƚŽĐŽŶƚƌŽůƚŚĞĨŽƌŵĂƚŝŽŶŽĨĐŽŵƉůĞǆƐƚƌƵĐƚƵƌĞƐ WĂƐŽĐĐƵƌƐŝŶďŝŽůŽŐŝĐĂůƐǇƐƚĞŵƐ
 WŚĂƐŶŽƚǇĞƚďĞĞŶĞǆƉůŽƌĞĚ ?/ŶƚŚŝƐǁŽƌŬǁĞĚĞŵŽŶƐƚƌĂĞƚŚĂƚƚŚĞĞŶǌǇŵĞƉĂƉĂŝŶĐĂŶƐĞůĨ ?ĂƐƐĞŵďůĞ
ŝŶƚŽŵŽŶŽůĂǇĞƌƐŽŶŽǆŝĚĞƐƵƌĨĂĐĞƐ ?ǁŚŝůĞƐƚŝůůƌĞƚĂŝŶŝŶŐŝƚƐĂďŝůŝƚǇƚŽĐĂƚĂůǇǌĞŵŝŶĞƌĂůŝǌĂƚŝŽŶƉƌŽĐĞƐƐĞƐ ?
dŚŝƐĚƵĂůďĞŚĂǀŝŽƌĐĂŶƚŚĞŶďĞĞǆƉůŽŝƚĞĚƚŽƉƌŽĚƵĐĞŚǇďƌŝĚ ŝŶŽƌŐĂŶŝĐ ?ŽƌŐĂŶŝĐƚŚŝŶĨŝůŵƐǀŝĂƐŝŵƉůĞ
ůĂǇĞƌ ?ďǇ ?ůĂǇĞƌ ƉƌŽĐĞƐƐŝŶŐ ? ǁŚĞƌĞ ƚŚĞ ƉĂƉĂŝŶ ŵŽŶŽůĂǇĞƌƐ ĨŝƌƐƚ ĞŶǌǇŵĂƚŝĐĂůůǇ ŚǇĚƌŽůǇǌĞ ƚŚĞ ǁĂƚĞƌ ?
ƐŽůƵďůĞ ŽƌŐĂŶŽ ?ŵĞƚĂůůŝĐ ƉƌĞĐƵƌƐŽƌ ƚŝƚĂŶŝƵŵ ďŝƐ ?ůĂĐƚĂƚŽĚŝŚǇĚƌŽǆŝĚĞ  ?dŝ>, ? ĂŶĚ ƚŚĞŶ ƐĞƌǀĞ ĂƐ Ă
ĚĞƉŽƐŝƚŝŽŶ ƐƵƌĨĂĐĞ ? dŚĞ ƌĞƐƵůƚŝŶŐ ƚŚŝŶ ĨŝůŵƐ ĐŽŶƚĂŝŶ dŝK ? ŶĂŶŽƉĂƌƚŝĐůĞƐ ? ƚŽŐĞƚŚĞƌ ǁŝƚŚ ŚǇĚƌŽůǇǌĞĚ
ůĂĐƚĂƚĞƐƉĞĐŝĞƐĂƐĂŶŽƌŐĂŶŝĐĨƌĂĐƚŝŽŶ ?<ŝŶĞƚŝĐƉĂƌĂŵĞƚĞƌƐĂŶĚĂĐƚŝǀĞƐŝƚĞŝŶŚŝďŝƚŝŽŶŽďƚĂŝŶĞĚĨŽƌƉĂƉĂŝŶ ?




ĨŽƌƉƌŽĚƵĐŝŶŐŝŶŽƌŐĂŶŝĐƚŚŝŶ ?ĨŝůŵƐǁŝƚŚƚƵŶĂďůĞƚŚŝĐŬŶĞƐƐĂƚůŽǁƚĞŵƉĞƌĂƚƵƌĞ ? 
 
Results  
TiO2/Papain Thin Film Formation. A layer-by-layer method was developed to construct titania-
based inorganic/organic thin films on a range of substrates. A flow-based method in which aqueous 
solutions of papain, a wash buffer and TiBALDH were alternately flowed across a SiO2 surface was 
employed. TiBALDH was selected as a mineral precursor because it undergoes very slow hydrolysis in 
aqueous solutions, and is regarded as a stable precursor for titania mineralization.25 Successive mass 
deposition of enzyme or inorganic on the SiO2 surface was assessed using quartz-crystal microbalance 
analysis with dissipation monitoring (QCM-D). QCM permits both the quantity and rate of material 
deposition to be monitored, with dissipation analysis (-D) providing a measure of the rigidity of the 
material deposited.35 The role of the surface chemistry in thin-film formation was explored by 
comparing films formed on both bare SiO2 and amine-terminated surfaces. This strategy was used 
with alternating flows of papain, wash buffer and TiBALDH to create either single or multi-layer 
papain-TiO2-x composite thin-films in a highly controllable manner (Fig. 1).    
The initial immobilization of papain on SiO2 surfaces was rapid, as shown by a sharp drop in 
frequency (ȴf) to -25 Hz in 30 seconds (Figs. 1a and 1b). This was followed by a slower adsorption 
ƉŚĂƐĞ ?&ŝŐƐ ? ?ĂĂŶĚ ?ď ? “WĂƉĂŝŶ ? ? ?ǁŚĞƌĞĚĞƉŽƐŝƚŝŽŶďĞŚĂǀŝŽƌǁĂƐƐŝŵŝůĂƌŽŶďŽƚŚďĂƌĞ ?&ig. 1a) and 
amine-modified SiO2 surfaces (Fig. 1b). However, a larger overall frequency drop was observed for 
bare SiO2 substrates across the two adsorption phases (to - ? ?,ǌ ?&ŝŐ ?Ă “WĂƉĂŝŶ ? ? ?ǁŚĞƌĞůŝƚƚůĞŽĨƚŚĞ
slowly adsorbed papain was removed by washing. In contrast, papain adsorption on the amine-
functionalized surface proceeded 10 times more slowly during the slow absorption phase, and was 
only partially removed with washing (Fig. 1b). The changes in dissipation are minor compared with the 
initial strong adsorption of papain to the SiO2 surfaces (Figs. 1a and 1b).  This suggests that the films 
formed on both surfaces are rigid,35,36 which is consistent with published  modelling studies.30 
dŚĞƚŽƚĂůƉƌŽƚĞŝŶŵĂƐƐĚĞƉŽƐŝƚĞĚŽŶƚŚĞĂŵŝŶĞ ?ĨƵŶĐƚŝŽŶĂůŝǌĞĚƐƵƌĨĂĐĞǁĂƐĐĂůĐƵůĂƚĞĚƚŽďĞ ? ? ? ?ʅŐ
Đŵ ? ? ?ǁŚŝĐŚĞƋƵĂƚĞƐƚŽ ? ? ?ƉŵŽůĐŵ ? ?ŽĨƉĂƉĂŝŶ ?ďĂƐĞĚŽŶĂĨŝůŵĐŽŵƉƌŝƐŝŶŐ ? ?ǁƚA?ǁĂƚĞƌ ? ? ? ?dĂŬŝŶŐ
ƚŚĞ ĂǀĞƌĂŐĞ ĚŝĂŵĞƚĞƌ ŽĨ ƉĂƉĂŝŶ ƚŽ ďĞ  ? ? ? Ŷŵ ? ? ƚŚĞ ĐŽǀĞƌĂŐĞ ŽŶ ƚŚĞ ĂŵŝŶĞ ?ƚĞƌŵŝŶĂƚĞĚ ƐƵƌĨĂĐĞ ŝƐ
ĐŽŶƐŝƐƚĞŶƚǁŝƚŚĂĐůŽƐĞ ?ƉĂĐŬĞĚŵŽŶŽůĂǇĞƌŽĨĞŶǌǇŵĞƚŚĂƚĐŽǀĞƌƐ ? ?A?ŽĨĂǀĂŝůĂďůĞƐƵďƐƚƌĂƚĞƐƵƌĨĂĐĞ
ĂƌĞĂ ?  dŚĞ ďĂƌĞ ^ŝK ? ƐƵƌĨĂĐĞ ? ŝŶ ĐŽŶƚƌĂƐƚ ? ƐƵƉƉŽƌƚĞĚ ĂĚƐŽƌƉƚŝŽŶ ŽĨ  ? ? ? ? ʅŐ Đŵ ? ?ƉĂƉĂŝŶ ? ǁŚŝĐŚ ŝƐ
ĞƋƵŝǀĂůĞŶƚƚŽ| ? ? ?A?ƐƵƌĨĂĐĞĐŽǀĞƌĂŐĞ ?ƐƵŐŐĞƐƚŝŶŐĞŶǌǇŵĞŵƵůƚŝůĂǇĞƌĨŽ ŵĂƚŝŽŶ ?WĂƉĂŝŶďŝŶĚŝŶŐƚŽ
^ŝK ?ŝƐĚŽŵŝŶĂƚĞĚďǇĞůĞĐƚƌŽƐƚĂƚŝĐĂŶĚǀĂŶĚĞƌtĂĂůƐŝŶƚĞƌĂĐƚŝŽŶƐďĞƚǁĞĞŶƚŚĞƉƌŽƚĞŝŶ ?ƐďŝŶĚŝŶŐƉĂƚĐŚ




ĐŽŶĨŝŐƵƌĂƚŝŽŶƐ ? ? ?ǁŚŝĐŚĐŽƵůĚŐŝǀĞƌŝƐĞƚŽĂŶĞŶƚŝƌĞůǇĚŝĨĨĞƌĞŶƚĐŽŶĨŝŐƵƌĂƚŝŽŶŽŶƚŚĞ^ ŝK ? ?ĂŵŝŶĞƐƵƌĨĂĐĞ ?
dŚŝƐŝƐƚƵƌŶĐŽƵůĚƉƌŽŵŽƚĞŵƵůƚŝůĂǇĞƌƉĂĐŬŝŶŐŽŶƚŚĞďĂƌĞ^ŝK ?ƐƵƌĨĂĐĞĐŽŵƉĂƌĞĚǁŝƚŚĂŵŝŶĞ ?ŵŽĚŝĨŝĞĚ
^ŝK ? ? 
   After removal of unbound enzyme, TiBALDH was flowed over the papain surface layers, resulting in 
ƚŚĞƌĂƉŝĚĨŽƌŵĂƚŝŽŶŽĨĂĐŽŵƉŽƐŝƚĞŝŶŽƌŐĂŶŝĐ ?ŽƌŐĂŶŝĐĨŝůŵ ?&ŝŐƐ ? ?ĂĂŶĚ ?ď ? “dŝ>, ? ?ĂůƐŽ see Fig. 
2). The mineralization traces observed by QCM-D were qualitatively similar on both surfaces, but the 
total mass deposited was |1.5 times greater on the bare SiO2-papain substrate than on the SiO2-
amine-papain surface. Dissipation changes revealed that while enzyme immobilized on the SiO2-amine 
surface was capable of catalyzing the formation of a rigid mineralized film (ȴAM  ?ǆ ? ?-6), enzyme 
immobilized on bare SiO2 surfaces catalyzed the formation of a softer film, as indicated by a change in 
ȴŽf 5 x10-6 ŽǀĞƌƚŚĞŵŝŶĞƌĂůŝǌĂƚŝŽŶĨƌĞƋƵĞŶĐǇĚƌŽƉ ?&ŝŐ ?Ă ? “dŝ>, ? ? ? 
dŚŝƐƐŽĨƚĞƌĨŝůŵĐŽƵůĚďĞƌĞůĂƚĞĚƚŽĚŝĨĨƵƐŝŽŶĂůĐŽŶƐƚƌĂŝŶƚƐ ?ƐƵĐŚƚŚĂƚƚŚĞŵƵůƚŝůĂǇĞƌƉĂƉĂŝŶĨŝůŵŽŶ
ďĂƌĞ ^ŝK ? ŝŶŚŝďŝƚƐ ƉĞŶĞƚƌĂƚŝŽŶ ŽĨ dŝ>, ƚŽ ƚŚĞ ƵŶĚĞƌůǇŝŶŐ ĞŶǌǇŵĞ ůĂǇĞƌ ?  dŚŝƐ ŝƐ ƐƵƉƉŽƌƚĞĚ ďǇ
ŵĞĂƐƵƌĞŵĞŶƚƐŽĨƚŚĞŵĂƐƐŽĨƚŝƚĂŶŝĂĚĞƉŽƐĞĚƉĞƌĞŶǌǇŵĞ ? ? ? ?A? ? ? ? ?ŶŐdŝK ? ?ʅŐƉĂƉĂŝŶŝƐĚĞƉŽƐŝƚĞĚ
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   Previous studies have shown that TiO2 mineralization from TiBALDH precursors can occur under 
basic conditions39. We therefore examined TiO2 deposition directly on a SiO2-amine surface (omitting 
an initial papain layer). TiO2 deposition is indeed observed, as shown by a  W12 Hz shift in frequency 
(Fig. 1c), equating to 216 ng cm-2 TiO2, a process that does not occur on bare SiO2 surfaces (Fig S2). 
However, this process took over 9-times longer than when papain was present, and the overall mineral 
mass deposition (as indicated by ȴf) was | 2-4 fold less than with the papain-mediated process.  
'ŝǀĞŶƚŚĂƚƉĂƉĂŝŶĂĚƐŽƌďƐƚŽ^ŝK ?ƐƵƌĨĂĐĞƐ ?&ŝŐ ? ?ĂĂŶĚ ?ď ? ?ĂŶĚƚŚĂƚdŝK ?ŝƐŶĞŐĂƚŝǀĞůǇĐŚĂƌŐĞĚĂƚ
Ɖ, ? ? ? ? ? ?ƉĂƉĂŝŶǁĂƐĂůƐŽĞǆƉĞĐƚĞĚƚŽĂĚƐŽƌďƚŽŶĞǁůǇĚĞƉŽƐŝƚĞĚdŝK ? ?ǆƐƵƌĨĂĐĞƐ ?dŚŝƐǁĂƐĐŽŶĨŝƌŵĞĚ
ďǇƚŚĞĚĂƚĂƐŚŽǁŶŝŶ&ŝŐ ? ?Ě ?ǁŚŝĐŚĐůĞĂƌůǇĚĞŵŽŶƐƚƌĂƚĞƐƚŚĂƚƉĂƉĂŝŶƌĞĂĚŝůǇĚĞƉŽƐŝƚƐŽŶƚŝƚĂŶŝĂĨŝůŵƐ ?
dŚŝƐŽĐĐƵƌƐƚŽĐŽŵƉĂƌĂďůĞĚĞŐƌĞĞƐ ?ĂŶĚĂƚĂƐŝŵŝůĂƌƌĂƚĞƚŽƚŚĂƚŽďƐĞƌǀĞĚŽŶ^ŝK ?ƐƵƌĨĂĐĞƐ ?ĐŽŵƉĂƌĞ
 “WĂƉĂŝŶ ?ŝŶ&ŝŐ ? ?ĂǁŝƚŚ “W ? ?ŝŶ&ŝŐ ? ?Ě ? ?WĂƉĂŝŶŵƵůƚŝůĂǇĞƌƐƚŚĞƌĞĨŽƌĞĨŽƌŵŽŶƚŚĞdŝK ? ?ǆĨŝůŵƐĂƐƚŚĞǇ
ĚŝĚŽŶ^ŝK ?ƐƵƌĨĂĐĞƐ ?ĂŶĚŶĞǁƉĂƉĂŝŶůĂǇĞƌƐĂůƐŽƐƵƉƉŽƌƚĚĞƉŽƐŝƚŝŽŶŽĨdŝK ? ?ǆƚŚŝŶĨŝůŵƐǁŚĞŶĞǆƉŽƐĞĚ
ƚŽ dŝ>, ƉƌĞĐƵƌƐŽƌ  ?&ŝŐ ?  ?Ě ?  “d ? ? ĂŶĚ  “d ? ? ? ? ĚĞŵŽŶƐƚƌĂƚŝŶŐ ƚŚĂƚ ƉĂƉĂŝŶ ?ĚŝƌĞĐƚĞĚ ƚŚŝŶ Ĩŝůŵ
ŵŝŶĞƌĂůŝǌĂƚŝŽŶĐĂŶďĞƉĞƌĨŽƌŵĞĚŝŶĂůĂǇĞƌ ?ďǇ ?ůĂǇĞƌƉƌŽĐĞƐƐ ?ůƚŚŽƵŐŚƚŚĞƌĂƚĞƐĂŶĚƚŽƚĂůĚĞƉŽƐŝƚŝŽŶ
5 
 
ŽĨƉĂƉĂŝŶ ?ĐĂƚĂůǇǌĞĚdŝK ? ?ǆǁĞƌĞƐŝŵŝůĂƌĨŽƌĞĂĐŚŝŶĚŝǀŝĚƵĂůůĂǇĞƌ ?ƐŝŐŶŝĨŝĐĂŶƚĐŚĂŶŐĞƐŝŶĚŝƐƐŝƉĂƚŝŽŶǁĞƌĞ
ŽďƐĞƌǀĞĚ ǁŝƚŚ ƚŚĞ ĂĚĚŝƚŝŽŶ ŽĨ ĞĂĐŚ ƐƵďƐĞƋƵĞŶƚ dŝK ? ?ǆ ůĂǇĞƌ ? dŚŝƐ ƐƵŐŐĞƐƚƐ ƚŚĂƚ ĂĨƚĞƌ ƚŚĞ ŝŶŝƚŝĂů
ĚĞƉŽƐŝƚŝŽŶ ŽĨ Ă ƌŝŐŝĚ Ĩŝůŵ ? ƐƵďƐĞƋƵĞŶƚ ůĂǇĞƌƐ ĂƌĞ ŵŽƌĞůŽŽƐĞůǇ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ƚŚĞ ƐƵƌĨĂĐĞ ? dŚŝƐ ŝƐ
ŵĂŶŝĨĞƐƚĞĚŝŶƚŚĞƐŝŐŶŝĨŝĐĂŶƚǀŝƐĐŽĞůĂƐƚŝĐŝƚǇŽĨƚŚĞŵƵůƚŝůĂǇĞƌĐŽŵƉŽƐŝƚĞƐƚƌƵĐƚƵƌĞ ?&ŝŐ ? ?Ě ?ȴ ? ? ?ǆ ? ? ?
 ?ĂĨƚĞƌƚŚĞĨŝŶĂůǁĂƐŚ ? ?
 
  Morphological Analysis of Thin Films. Mineralized thin films were characterized using scanning 
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) (Fig. 2), where samples were 
fractured and mounted to show the cross-section of the film.  EDS analysis of a single-layer TiO2-x film 
grown on a bare SiO2 surface QCM chip (Fig. 2a; also see Fig. 1a) confirmed the presence of titanium 
(Fig. 2b). The thin film achieved via layer-by-layer deposition (Fig. 2c; also see Fig. 1d) was visibly 
thicker and rougher than the single-layer film, although both films were continuous in structure.  SEM 
analysis of the thicknesses of films deposited on QCM-D crystals was challenging due to rupturing of 
the mineral layers during sample preparation.  Films for SEM were therefore prepared using successive 
dip-coating on a glass microscope slide (alternating immersion of the slide in papain and TiBALDH 
solutions). Using this method, triple-layer films exhibited a film thickness of ~320 nm (Fig. 2d).  As the 
papain surface layer is expected to be only |3-10 nm thick,30 this suggests that the titania/ papain thin 
films form as a direct result of the enzymatic turnover of TiBALDH into a hydrolyzed titanium species 
which undergo mineralization as they diffuse away from the enzyme surface.  This mechanism is 
supported by the finite thicknesses of the resulting titania films, demonstrating that film growth does 
not occur autocatalytically (i.e., this level of mineralization does not occur on titania surfaces without 
papain to act as a catalyst).  Once the enzyme layer becomes passivated by titania, it creates a 
diffusional barrier that prevents further TiBALDH from reaching the surface-bound enzyme. 
 
Analysis of Kinetics. To elucidate whether papain enzymatically catalyzes titania mineralization, 
we examined the kinetics of mineralization in bulk solution using in situ fluorescence. This was 
achieved by examining the spectral shift exhibited by a fluorescent coumarin dye (7- 
diethylaminocoumarin-3-carboxylate hydrazide) as it becomes incorporated into the thin films (Fig. 
S4).  Analysis of papain-mediated TiO2 formation in bulk solution phase revealed a similar mechanism 
to that occurring on the solid substrates, where the papain becomes passivated during mineralization 
and is unable to convert all available TiBALDH precursor into solid product (Fig. S5). The initial rate of 
deposition of TiO2 on the substrate was linear (Fig. S6), allowing analysis of the kinetics of the early 




Obtaining mineralization kinetics requires the dye fluorescence to be correlated with the mass of 
titania produced. This was achieved using a calibration curve that was constructed by preparing a 
range of papain-driven titania mineralization reactions in the presence of a fixed concentration of the 
reporter dye (Fig. S7). The papain concentration was increased across the reaction set, yielding 
increasing quantities of titania precipitates in a concentration-dependent manner.  End-point 
fluorescence measurements were acquired, and the precipitates were washed using buffer 
replacement and successive centrifugation, before being dried and weighed. Finally, the measured 
masses were adjusted to account for the titania product only and the mass associated with co-
precipitating lactate species was disregarded. This adjustment was enabled by thermogravimetric 
analysis (TGA), which showed that the precipitate is composed of |40% TiO2 mineral and |60% organic 
(lactate) matter (Fig. S8). Therefore, the final calibration-curve relates fluorescence directly to the 
product titania (Fig. S7).  
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ƚŚĂƚŝƚĐŽŶƚĂŝŶĞĚƐŽŵĞĐƌǇƐƚĂůůŝŶĞƚŝƚĂŶŝĂ ?dŚĞĨŝůŵĞǆŚŝďŝƚĞĚďƌŽĂĚZĂŵĂŶƉĞĂŬƐĐĞŶƚĞƌĞĚĂƚ ? ? ?Đŵ ?
 ? ? ? ? ?Đŵ ? ? ? ? ? ?Đŵ ? ? ?ĂŶĚ ? ? ?Đŵ ? ? ?ǁŚĞƌĞƚŚĞƐĞĂƌĞŝŶŐŽŽĚĂŐƌĞĞŵĞŶƚǁŝƚŚƚŚŽƐĞŽďƐĞƌǀĞĚĨƌŽŵĂŶ
ĂŶĂƚĂƐĞdŝK ?ƌĞĨĞƌĞŶĐĞƉŽǁĚĞƌ ?&ŝŐ ?^  ? ? ?ƐƚŚĞƉĞĂŬƐǁĞƌĞďƌŽĂĚ ?ƐŽŵĞŽǀĞƌůĂƉŽĐĐƵƌƐǁŝƚŚƚŚĞƐŝŐŶĂůƐ
ĞǆƉĞĐƚĞĚĨƌŽŵďƌŽŽŬŝƚĞŽƌƌƵƚŝůĞ ?&ŝŐ ?^ ? ? ?,ŽǁĞǀĞƌ ?ĂŶŶĞĂůŝŶŐƚŚĞĨŝůŵƚŽ ? ? ? ?ƌĞƐƵůƚĞĚŝŶĐŽŵƉůĞƚĞ
ĐŽŶǀĞƌƐŝŽŶƚŽĂŶĂƚĂƐĞ ?&ŝŐ ?^ ? ? ?ƐƵƉƉŽƌƚŝŶŐƚŚĞZĂŵĂŶĂŶĂůǇƐŝƐ ?ĚĚŝƚŝŽŶĂůĐŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶŽĨďŽƚŚ
ƐŝŶŐůĞůĂǇĞƌ ?&ŝŐ ? ?Ă ?ĂŶĚŵƵůƚŝůĂǇĞƌ ?&ŝŐ ? ?ď ?ĨŝůŵƐǁĂƐĂů ŽĐŽŶĚƵĐƚĞĚďǇdD ?ǁŚĞƌĞƚŚĞĨŝůŵƐǁĞƌĞ
ĚŝƌĞĐƚůǇ ĚĞƉŽƐŝƚĞĚ ŽŶ ĨŽƌŵǀĂƌ ?ĐŽǀĞƌĞĚ Ƶ dD ŐƌŝĚƐ ǀŝĂ ĚŝƉ ĐŽĂƚŝŶŐ ? ^ ĂŶĂůǇƐŝƐ ĐŽŶĨŝƌŵĞĚ ƚŚĞ
ƉƌĞƐĞŶĐĞŽĨdŝĂŶĚK  ?&ŝŐ ?  ?Đ ?ǁŚŝůĞŚŝŐŚƌĞƐŽůƵƚŝŽŶdDĂŶĚ^ƌĞǀĞĂůĞĚƚŚĂƚ ƚŚĞ ĨŝůŵƐĐŽŶƚĂŝŶ
ĐƌǇƐƚĂůůŝŶĞ ĂŶĂƚĂƐĞ dŝK ? ŶĂŶŽƉĂƌƚŝĐůĞƐ  ? ? ? ? ? Ŷŵ ?  ?&ŝŐ ?  ?Ě ? ? dŚĞƐĞ ƌĞƐƵůƚƐ ƐŚŽǁ ƚŚĂƚ ƐƵƌĨĂĐĞ ?ďŽƵŶĚ
ĞŶǌǇŵĞƐŚĂǀĞƚŚĞƉŽƚĞŶƚŝĂůĨŽƌŐĞŶĞƌĂƚŝŶŐĐƌǇƐƚĂůůŝŶĞƚŚŝŶĨŝůŵƐŽĨƚŝƚĂŶŝĂƵŶĚĞƌĂƋƵĞŽƵƐĐŽŶĚŝƚŝŽŶƐ ? 
Discussion 
dŚĞ ĂďŝůŝƚǇ ŽĨ ƉĂƉĂŝŶ ƚŽ ƐƵƉƉŽƌƚ ƚŚĞ ĨŽƌŵĂƚŝŽŶ ŽĨ ƉĂƌƚŝĂůůǇ ĐƌǇƐƚĂůůŝŶĞ ƚŝƚĂŶŝĂ ƚŚŝŶ ĨŝůŵƐ ƌĂŝƐĞƐ
ŝŶƚĞƌĞƐƚŝŶŐ ƋƵĞƐƚŝŽŶƐ ĂďŽƵƚ ƚŚĞ ŵĞĐŚĂŶŝƐŵƐ ŽĨ ŝƚƐ ĐĂƚĂůǇƚŝĐ ĂĐƚŝǀŝƚǇ ? /ŶŝƚŝĂů ĞǀŝĚĞŶĐĞ ŽĨ ƉĂƉĂŝŶ ?Ɛ
ĞŶǌǇŵĂƚŝĐĐŽŶƚƌŽůŽǀĞƌƚŚŝŶĨŝůŵŵŝŶĞƌĂůŝǌĂƚŝŽŶŝƐĨŽƵŶĚŝŶƚŚĞŝŶĐƌĞĂƐĞĚĚĞƉŽƐŝƚŝŽŶŽĨdŝK ? ?ǆŽŶƚŚĞ
ƉĂƉĂŝŶ ?ĐŽĂƚĞĚ^ŝK ? ?ĂŵŝŶĞƐƵƌĨĂĐĞǀĞƌƐƵƐƚŚĞƉƌŽƚĞŝŶ ?ĨƌĞĞ^ŝK ? ?ĂŵŝŶĞƐƵƌĨĂĐĞ  ?&ŝŐ ?  ? ? ?WŽůǇĂŵŝŶĞƐ ? ?
ĂŶĚƐŵĂůůŵŽůĞĐƵůĞĂŵŝŶĞƐ ? ?ŚĂǀĞƉƌĞǀŝŽƵƐůǇďĞĞŶƐŚŽǁŶƚŽƉůĂǇĂƌŽůĞŝŶŵŝŶĞƌĂůŽǆŝĚĞĨŽƌŵĂƚŝŽŶŝŶ
ǀŝǀŽ ? ? ĂŶĚ ŝŶ ǀŝƚƌŽ ? ? ? ǁŚĞƌĞ ƚŚŝƐ ŚĂƐ ďĞĞŶ ĂƚƚƌŝďƵƚĞĚ ƚŽ ƚŚĞ ƉƌŽĚƵĐƚŝŽŶ ŽĨ Ă ůŽĐĂů Ɖ, ŝŶĐƌĞĂƐĞ ƚŚĂƚ
ŝŶŝƚŝĂƚĞƐ ƉƌĞĐƵƌƐŽƌ ŚǇĚƌŽůǇƐŝƐ ĂŶĚ ƉƌŽŵŽƚĞƐ dŝK ? ĚĞƉŽƐŝƚŝŽŶ ?  tĞ ĚĞŵŽŶƐƚƌĂƚĞ ƚŚĂƚ ƚŚĞ ĨĂƐƚĞƌ Ĩŝůŵ
ŐƌŽǁƚŚ ĂŶĚ ƚŚŝĐŬĞƌ ĨŝůŵƐ ĂĐŚŝĞǀĞĚ ŽŶ ƚŚĞ ƉĂƉĂŝŶ ?ĐŽĂƚĞĚ ƐƵƌĨĂĐĞ ĐĂŶ ďĞ ĂƚƚƌŝďƵƚĞĚ ƚŽ ĞŶǌǇŵĂƚŝĐ
ƚƵƌŶŽǀĞƌ ?ǁŚĞƌĞƚŚŝƐƌĂƉŝĚůǇŐĞŶĞƌĂƚĞƐŚǇĚƌŽůǇǌĞĚƚŝƚĂŶŝƵŵƐƉĞĐŝĞƐĨŽƌŝŶĐŽƌƉŽƌĂƚŝŽŶŝŶƚŽƚŚĞŶĞǁůǇ
ĨŽƌŵŝŶŐ ƚŚŝŶ Ĩŝůŵ ? ĞǀĞŶ ƌĞůĂƚŝǀĞůǇ ĚŝƐƚĂů ƚŽ ƚŚĞ ƐƵƌĨĂĐĞ ? /Ŷ ƚŚŝƐ ƐĐĞŶĂƌŝŽ ? ŚǇĚƌŽůǇǌĞĚ ƉƌĞĐƵƌƐŽƌƐ ĂƌĞ
ĨŽƌŵĞĚĂĚũĂĐĞŶƚƚŽƚŚĞĨŝůŵƵŶĚĞƌƚŚĞĂĐƚŝŽŶŽĨƚŚĞĞŶǌǇŵĞ ?ƉƌŝŽƌƚŽĐŽŶĚĞŶƐŝŶŐŽŶƚŚĞƐƵďƐƚƌĂƚĞƚŽ
ĨŽƌŵĂĚĞŶƐĞƚŚŝŶĨŝůŵƚŚĂƚƉƌŽŐƌĞƐƐŝǀĞůǇĐŽǀĞƌƐƚŚĞĞŶǌǇŵĞ ?dŚŝƐŵĞĐŚĂŶŝƐŵŝƐƐƵƉƉŽƌƚĞĚďǇƉĂƉĂŝŶ ?Ɛ
ĂďŝůŝƚǇƚŽƉƌŽŵŽƚĞƚŚĞĨŽƌŵĂƚŝŽŶŽĨĂ| ? ? ?ŶŵĐŽŶƚŝŶƵŽƵƐŝŶŽƌŐĂŶŝĐĨŝůŵŝŶĞĂĐŚůĂǇĞƌ ? 
dŽŽƵƌŬŶŽǁůĞĚŐĞ ?ƚŚĞƉƌĞƐĞŶƚƌĞƉŽƌƚƌĞƉƌĞƐĞŶƚƐƚŚĞĨŝƌƐƚƚŝŵĞƚŚĂƚĞŶǌǇŵĂƚŝĐŵŝŶĞƌĂůŝǌĂƚŝŽŶŚĂƐ





ŽƌŐĂŶŝĐ ĐŽŵƉŽŶĞŶƚƐ ? ? ? ? ? ? ,ŽǁĞǀĞƌ ? ƚŚĞ ŵŝŶĞƌĂůŝǌĂƚŝŽŶ ƐƚĞƉ ŝŶ ƚŚŽƐĞ ƐƚƵĚŝĞƐ ƌĞůŝĞƐ ƐŽůĞůǇ ŽŶ ƚŚĞ
ĞůĞĐƚƌŽƐƚĂƚŝĐ  ?ĂŶĚ ŶŽƚ ĞŶǌǇŵĂƚŝĐ ? ƉƌŽƉĞƌƚŝĞƐ ŽĨ ƉƌŽƚĂŵŝŶĞ ? ? ? dŚĞ ŵŝŶĞƌĂů ůĂǇĞƌƐ ŐĞŶĞƌĂƚĞĚ ďǇ
ƉƌŽƚĂŵŝŶĞǁĞƌĞǀĞƌǇƚŚŝŶ ? ? ?Ŷŵ ? ? ? ?ĂŶĚǁĞƌĞĂůƐŽĂŵŽƌƉŚŽƵƐ ?ƌĞƋƵŝƌŝŶŐĂŶŶĞĂůŝŶŐĂƚ ? ? ? ?ƚŽŝŶĚƵĐĞ
dŝK ? ĐƌǇƐƚĂůůŝǌĂƚŝŽŶ ? ? ? /Ŷ ĐŽŶƚƌĂƐƚ ?ƉĂƉĂŝŶǁĂƐĞŵƉůŽǇĞĚŚĞƌĞ ƚŽŐĞŶĞƌĂƚĞŵŝŶĞƌĂů ĐŽĂƚŝŶŐƐĂƚ ƌŽŽŵ
ƚĞŵƉĞƌĂƚƵƌĞ ƚŚĂƚ ǁĞƌĞ ŵƵĐŚ ƚŚŝĐŬĞƌ ƚŚĂŶ ƚŚĞ ŝŶĚŝǀŝĚƵĂů ĞŶǌǇŵĞ ŵŽůĞĐƵůĞƐ ĂŶĚ ǁŚŝĐŚ ĐŽŶƚĂŝŶĞĚ
ĐƌǇƐƚĂůůŝŶĞĂŶĂƚĂƐĞŶĂŶŽƉĂƌƚŝĐůĞƐ ?KŶĞƉƌĞǀŝŽƵƐƐƚƵĚǇĂůƐŽĞǆĂŵŝŶĞĚƚŚĞƵƐĞŽĨƚŚĞďŝŽŵŝŶĞƌĂůŝǌŝŶŐ
ĞŶǌǇŵĞƐŝůŝĐĂƚĞŝŶƚŽĨŽƌŵĂƐŝůŝĐĂĨŝůŵŝŶǀŝƚƌŽ ? ? ?ďƵƚĂůĂǇĞƌ ?ďǇ ?ůĂǇĞƌƉƌŽĐĞƐƐǁĂƐŶŽƚƵƚŝůŝǌĞĚĂŶĚŐƌŽǁƚŚ





ƚŽĚŝƌĞĐƚŵŝŶĞƌĂůŝǌĂƚŝŽŶ ? ? ? ? ? ? ? ? ? ? ? ?dŚŝƐ ŝŵƉůŝĞƐƚŚĂƚ ?ĨŽƌďŝŽŵŝŶĞƌĂůŝǌĂƚŝŽŶƉƌŽĐĞƐƐĞƐƵƚŝů ǌŝŶŐĞŶǌǇŵĞƐ ?
ĂĐƚŝǀĞ ?ƐŝƚĞĐĂƚĂůǇƐŝƐŽĨĂƐŵĂůů ?ŵŽůĞĐƵůĞŵĞƚĂů ?ŽƌŐĂŶŝĐƐƵďƐƚƌĂƚĞĚƌŝǀĞƐŵŝŶĞƌĂůŶƵĐůĞĂƚŝŽŶĂŶĚŐƌŽǁƚŚ ?
ĞƐƉŝƚĞ ƚŚŝƐ ? ŶŽ ƉƌĞǀŝŽƵƐ ƐƚƵĚǇ ŚĂƐ ĚĞƐĐƌŝďĞĚ ĞŶǌǇŵĂƚŝĐ ŵŝŶĞƌĂůŝǌĂƚŝŽŶ ƵƐŝŶŐ ĐŽŶǀĞŶƚŝŽŶĂů ŬŝŶĞƚŝĐ
ĚĞƐĐƌŝƉƚŽƌƐ ?/ŶƚǁŽĐĂƐĞƐ ?DŝĐŚĂĞůŝƐ ?DĞŶƚĞŶƉĂƌĂŵĞƚĞƌƐǁĞƌĞƌĞƉŽƌƚĞĚĨŽƌŵŝŶĞƌĂůŝǌŝŶŐĞŶǌǇŵĞƐ ? ? ? ? ? ?
,ŽǁĞǀĞƌ ? ƚŚĞ ƉĂƌĂŵĞƚĞƌƐ ƌĞƉŽƌƚĞĚ ĚŝĚ ŶŽƚ ĚŝƌĞĐƚůǇ ĚĞƐĐƌŝďĞ ŵŝŶĞƌĂů ƉƌŽĚƵĐƚŝŽŶ ? ďƵƚ ƌĂƚŚĞƌ ƐŵĂůů ?
ŵŽůĞĐƵůĞƚƌĂŶƐĨŽƌŵĂƚŝŽŶƐƚŚĂƚǁĞƌĞŝŶĚŝƌĞĐƚůǇƌĞůĂƚĞĚƚŽŵŝŶĞƌĂůŝǌĂƚŝŽŶ ?ĞŝƚŚĞƌŚǇĚƌŽůǇƐŝƐŽĨƐŝůŝĐŽŶ ?
ĞƐƚĞƌďŽŶĚƐ ? ? ?ŽƌĂŵŵŽŶŝĂƉƌŽĚƵĐƚŝŽŶďǇƵƌĞĂƐĞ ? ? ? ?dŚĞDŝĐŚĂĞůŝƐ ?DĞŶƚĞŶƉĂƌĂŵĞƚĞƌƐƌĞƉŽƌƚĞĚŚĞƌĞ
ĂƌĞďĂƐĞĚŽŶŵŽŶŝƚŽƌŝŶŐƚŚĞĨŽƌŵĂƚŝŽŶŽĨdŝK ? ?ǆƐŽůŝĚĂƐƚŚĞƌĞĂĐƚŝŽŶƉƌŽĚƵĐƚ ?ĂŶĚŝŶƚŚŝƐƐĞŶƐĞĂƌĞƚŚĞ
ĨŝƌƐƚƌĞƉŽƌƚĞĚĚŝƌĞĐƚŬŝŶĞƚŝĐĚĞƐĐƌŝƉƚŽƌƐĨŽƌĞŶǌǇŵĂƚŝĐŵŝŶĞƌĂůŝǌĂƚŝŽŶ ?tĞŚĂǀĞĂůƐŽ ŝĚĞŶƚŝĨŝĞĚƚŚĂƚĂ
ĐƌŝƚŝĐĂůĂĐƚŝǀĞƐŝƚĞƌĞƐŝĚƵĞ ?ǇƐ ? ? ?ŝƐĞƐƐĞŶƚŝĂůŝŶƚŚĞŵŝŶĞƌĂůŝǌĂƚŝŽŶƉƌŽĐĞƐƐ ? 
dŚĞƵƚŝůŝƚǇŽĨĚŝƌĞĐƚůǇŵĞĂƐƵƌŝŶŐŵŝŶĞƌĂůĨŽƌŵĂƚŝŽŶŝƐŚŝŐŚůŝŐŚƚĞĚďǇĐŽŵƉĂƌŝŶŐƚŚĞŬĐĂƚĂŶĚŬĐĂƚ ?Ŭŵ
ǀĂůƵĞƐŽďƚĂŝŶĞĚŚĞƌĞĨŽƌƉĂƉĂŝŶ ?ĚŝƌĞĐƚĞĚƚŝƚĂŶŝĂŵŝŶĞƌĂůŝǌĂƚŝŽŶǁŝƚŚƚŚŽƐĞĨƌŽŵƵƌĞĂƐĞ ?ĚŝƌĞĐƚĞĚƚŝƚĂŶŝĂ
ŵŝŶĞƌĂůŝǌĂƚŝŽŶ ? ? ?KǀĞƌĂůů ?ƚŚĞŬŝŶĞƚŝĐĚĞƐĐƌŝƉƚŽƌƐŽĨďŽƚŚĞŶǌǇŵĞƐĂƌĞƐŝŵŝůĂƌ ?ŬĐĂƚA? ? ? ? ?Ɛ ? ?ĂŶĚŬĐĂƚ ?<D
A? ? ? ? ?ǆ ? ? ?D ? ?Ɛ ? ?ĨŽƌƵƌĞĂƐĞ ?ĂŶĚŬĐĂƚA? ? ? ? ?Ɛ ? ?ĂŶĚŬĐĂƚ ?<DA? ? ? ?ǆ ? ? ?D ? ? Ɛ ? ?ĨŽƌƉĂƉĂŝŶŝŶƚŚŝƐƐƚƵĚǇ ? ?
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Conclusions 
WĂƉĂŝŶ ?ƐĐĂƉĂĐŝƚǇĨŽƌƉƌŽĚƵĐŝŶŐĐŽŶƚŝŶƵŽƵƐƚŝƚĂŶŝĂĨŝůŵƐŽŶĂƌĂŶŐĞŽĨƐƵďƐƚƌĂƚĞƐvia a simple 
dip coating approach suggests a widespread potential for adapting biomimetic mineralization 
strategies for the production of advanced materials.  Mineralizing enzymes have been shown 
to generate a number of crystalline metal oxides from water-soluble precursors,18 including 
SnO253 and quartz-like silicates,15 and to produce silver nanoparticles for sensing applications.54 
Such enzymes are also amenable to directed laboratory evolution of enhanced self-assembly 
and mineral synthesis activities,15,55 where surface absorption, chemical catalysis, and mineral 
templating are all genetically tunable enzyme features that can be tailored towards the 
formation of thin film materials.  The potential for re-engineering enzymes such as papain 
offers a route to controlling the properties of semiconductor thin films, where the layer-by-
layer processing approach developed here provides additional control and could ultimately 
enable synthesis of crystalline heterostructures. Combined with kinetic descriptors to 
quantitatively assess enzymatic biomineralization activity, the approach described here should 
advance both the understanding and technological potential of biomimetic mineralization. 
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Figure 1. QCM-D analysis of papain-mediated titania thin film synthesis, where the associated 
schematics show the thin film structure. For QCM-D time-course plots (a,b,d), both frequency (black 
line, left axis) and dissipation (grey line, right axis) are shown, and changes in solution flows are 
ŝŶĚŝĐĂƚĞĚ ?ǁŚĞƌĞ “t ?ŝŶĚŝĐĂƚĞƐǁĂƐŚďƵĨĨĞƌ ? ? ?ŵDD^ďƵĨĨĞƌƉ, ?.0 ? ? “WĂƉĂŝŶ ?ŝŶĚŝĐĂƚĞƐ ? ?ʅD
papain in 20 mM MES buffer at pH 7.0 ?ĂŶĚ “dŝ>, ?ƌĞƉƌĞƐĞŶƚƐ ? ?ŵDdŝ>,A? ? ?ʅDĐŽƵŵĂƌŝŶ
in water (pH 8.2). (a) Single-layer mineralized film synthesized on a bare SiO2 surface. (b) Single-layer 
mineralized film synthesized on an amine-modified SiO2 surface. (c) A comparison of the frequency 
changes which occur upon flow of TiBALDH over various surfaces, which serves as a proxy for the 
degree of titania mineralization. (d) Triple-layer mineralized film synthesized on an amine-modified 






Figure 2.  SEM and energy dispersive spectroscopy analysis (EDS) of papain/ titania thin films. 
Substrates supporting the mineralized films were fractured and imaged near the fracture edge. (a) 
SEM image of a single-layer film grown as summarized in Fig. 1a, on a quartz-gold-amorphous SiO2 
QCM surface. Red and blue boxes indicate surface areas analyzed by EDS. The red-boxed region is an 
area of exposed quartz substrate and the blue-boxed region is an area of stacked thin films, which 
19 
 
includes both the gold/amorphous SiO2 layer of the commercial QCM-D substrate and the mineralized 
papain/TiO2-x film. (b) EDS spectra confirm the presence of titanium in the papain-mineralized film 
region, where this is absent from the underlying quartz substrate. (c) SEM image of a multi-layer film, 
which was grown as in Fig. 1d. (d) SEM images of a triple-layer papain-titania film synthesized on a 
glass slide substrate. Imaging at a viewing angle of 45° (main image) shows the continuous nature of 
the mineralized film; the partial delamination of the film in the lower right of the image is a result of 
substrate fracture. Imaging at a viewing angle of 90° (inset) reveals a triple-layer titania film thickness 






Figure 3. Kinetic analysis of papain-catalyzed TiO2 synthesis in bulk solution using DCCH dye 
fluorescence as a proxy for titania mineralization (see Figs. S4 and S7). (a) Kinetic models of the initial 
rate of mineralization versus the concentration of mineral precursor (TiBALDH). WT papain data (filled 
circles) is shown fitted with a Michaelis-Menten model (dashed line; R2 = 0.95), and a Hill equation 
(solid line; R2 = 0.99). Inactivated (Cys25-biotin modified) papain is shown in open circles. The error is 
less than 5% and error bars shown. (b) A cartoon space-filling model showing the location of Cys25 
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(yellow and red spheres) in the active site cleft. The structure is 9PAP.pdb, published by Kamphuis et 
al (1984)41 and this model was constructed and rendered using Pymol (Delano scientific). (c) Lanes 1 
and 3, SDS-PAGE analysis of the purified, biotin-labeled papain (Lane 1) or papain (Lane 3) resolved 
using SDS-PAGE stained with Coomassie. B. Lane 2, Prior to Western blot analysis, biotin-labeled 
papain was separated by SDS-PAGE. Papain-biotin was subsequently transferred onto a polyvinylidene 
difluoride membrane and immunoblotted using a streptavidin-alkaline phosphatase (AP) conjugate 
(Roche) directed against biotin-modified papain. A indicates the size of papain-biotin; B indicates the 
size of papain.  ? ?ʅŐŽĨƉƌŽƚĞŝŶǁĂƐƵƐĞĚŝŶĂůůƐĞƉĂƌĂƚŝŽŶƐ ? (d) QCM-D analysis of papain-mediated 
titania thin film synthesis. For QCM-D time-course plots (a,b,d), both frequency (black line, left axis) 
and dissipation (grey line, right axis) are shown, and changes in solution flows are indicated, where 
 “t ?ŝŶĚŝĐĂƚĞƐǁĂƐŚďƵĨĨĞƌ ? ? ?ŵD MES buffer pH 7.0 ? ? “WĂƉĂŝŶ-ďŝŽƚŝŶ ?ŝŶĚŝĐĂƚĞƐ ? ?ʅDƉĂƉĂŝŶ-biotin 
in 20 mM MES buffer at pH 7.0 ?ĂŶĚ “dŝ>, ?ƌĞƉƌĞƐĞŶƚƐ ? ?ŵDdŝ>,A? ? ?ʅDĐŽƵŵĂƌŝŶŝŶǁĂƚĞƌ 
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Figure 5.  TEM analysis of papain-titania films mineralized on formvar-covered TEM grids via a dip-
coating processing. (a) A single-layer titania film and (b) a 5-layer film. (c) EDS analysis from the film 
shown in (b).  (d) Higher magnification TEM image of the film shown in (a), revealing inorganic 
nanoparticles within the film with crystalline lattice spacing that match well with the anatase (110) 
(top right inset) and (011) (bottom right inset) crystal planes, with corresponding SAED pattern (top 
left inset) confirming the presence of anatase. 
 
